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NOTE
We are indebted to Mr. Alfred Wechsler of Arthur D. Little
who supplied the boundary conditions of the heat transfer

problem given in Sections III and IV.
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This report analyzes the thermal response of the lunar
surface at the landing site due to the radiative and convective heat
transfer from the LEM exhaust nozzle. A computer program has been
written to analyze the thermal transients as a function of 1) the
thermal model of the lunar surface materials; 2) depth beneath the
lunar surface; 3) distance from the touchdown point. The physical
meaning of the answers obtained in our analysis depends on how ac-
curate the heat transfer parameters are for the assumed model, during
the LEM descent. Therefore we prefer to stress the method of analysis

rather than the numerical conclusions.
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NOTATIONS AND UNITS

equivalent capacitance, F

-1

specific heat of lunar material, J gm og ™1

distance from LEM point of touchdown, ft

view factor from differential surface element to rocket

nozzle

shield

convection heat transfer coefficient from LEM, W cm
gas heat transfer coefficient, d constant, W om0t
gas heat transfer coefficient, t constant, W cm “°C_
elevation of LEM above surface, ft

height of LEM nozzle above surface, ft

height of the heat shield above the surface, ft
equivalent current, A

irradiance by the sun on lunar surface, W cmu2
irradiance by the sun on lunar surface at z = 0, W cm
approximate phase angle of thermal wave at depth, x
irradiance by the LEM on the lunar surface, W cg-z

flux density at depth, x, and time, t, W cm 2

eguivalent resistance, i

effective radius of rocket nozzle, ft

radius of the LEM heat shield, ft

time elapsed from beginning of LEM descent, sec
surface temperature at initiation of lunation, °K
temperature at bottom of deepest layer, °K
effective exhaust gas temperature, °K

lunar surface temperature, °K
gradient at the surface, °K em™t

effective exhaust nozzle temperature, °K

effective exhaust nozzle temperature before engine cutoff,

temperature of the subsolar point, °K
temperature at depth, x, °K

equivalent potential, V

°K
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radiant emittance of the surface, W em 1

distance measured along the propagation of the heat wave, ft
zenith distance of the sun, deg

reciprocal of the thermal wavelength, cmnl

radiant emittance of nozzle

radiant emittance of lunar surface

thermal conductivity of lunar surface material, cal s«ec"l
cm—loK—l

density of lunar surface material, gm cm—3

Stefan-Boltzmann constant, 5.6686 x 10”12 2og~4

minimum time constant of the equivalent circuit, sec

, Wem

time constant of the temperature decay of the nozzle after
landing, sec



I. INTRODUCTION

An integral part of the Apollo Program is the Lunar Ex-
cursion Module known as LEM. The Apollo spacecraft consists of the
LEM and adapter, the Service Module, the Command Mcdule, a Boost
Cover, and a Launch Escape System. Powered by a three-stage Saturn V
launch vehicle, the craft will orbit the Moon. The manned lunar
mission will then employ a technique known as Lunar-Orbit rendezvous.

P e

This technique will allocw the LEM to separate from the Lunar Orbiting

-y
12idS a1 4

Apollo and Service Module.

The function of LEM will be to carry the astronauts during
their descent to the lunar surface for exploration. Following this
exploration, LEM will return the astronauts to lunar orbit for rendez-
vous and docking with the Apollo Command and Service Module. Once the
docking is accomplished, the spacecraft will then carry out the neces-

sary maneuvers for its return to earth.

Among the important problems facing the LEM is the qguestion
of the increased temperature of the landing site during descent, and
the cooling rate of the surface after landing. The solution to these

questions is vital in the planning and execution of the Apollo mission.



11. SCIENTIFIC OBJECTIVE

The analysis presented in this report aims to determine:

1. The lunar surface temperature brightness at the landing
site, as a function of time during and after the descent

of the LEM.

2. The variations of temperature brightness at the landing
site at specified depths below the surface, as a function
of time duris 3y and after the descent of the LEM.

The computations have been carried out for models of the
lunar surface composed of the following:

1. Homogeneous
2, Homogeneous
3. Homogeneous
4, Particulate
material.
5. Particulate

particulate material.
vesicular material.
so0lid material.

surface layer with a substrate of vesicular

surface layer with a substrate of solid

material.
6. Vesicular surface with a substrate of solid material.
7. Particulate surface with a rubble substrate.
8. Homogeneous rubble.

The output data from the computer program are presented in

the following form:

1. Temperature brightness at the surface and to depths down
to five subsurface levels at the beginning of the LEM

descent.



Temperature brightness at

to five subsurface levels

Temperature brightness at
to five subsurface levels

the temperature change at

the surface and to depths down

during the LEM descent.

the surface and to depths down
after the LEM descent, until

each level has been reduced to

five per cent of the maximum temperature change induced

by the LEM descent.




III. HEAT TRANSFER ON THE LUNAR SURFACE

A. Irradiance on the Surface Produced by LEM

The irradiance Q on the lunar surface produced by the

LEM
LEM exhaust is given by the following equation:

QreM

4
= gc(H'd)(Tg - Tm) + ansenTn , (1)

where gc(H,d) is the convection heat-transfer coefficient giwven
in Table I, Tg is the effective exhaust gas temperature, Tm is the
lunar surface temperature, ¢ is the Stefan-Boltzmann constant,

€ is the radiant emittance of the nozzle, Tn is the effective
temperature of the exhaust nozzle, and Fis is the view factor

from the differential surface element to rocket nozzle.

Eq. (1) is valid for 27.5866 sec after the initiation of

LEM descent. Thereafter, QLEM = 0.

The valuwes of Fns are obtained from the following equation:

J (a - Rn)(d + Rn) + H2 l 2)

)
it
N b=

1 - f
ns
| Ae- R)Z + H°10(d - R + a7 |

where H, the elevation of LEM above the surface, in feet, is given
as a tabulated function of time, d is the distance in feet from LEM
point of touchdown and Rn is the effective radius of the rocket

nozzle in feet.

For the computation we have taken the following values:

Tg = 2493°K
T = 1611°K

n -12 —2,.~4
o = 5.6686 x 10 W ecm T°K
€n = 0.90
R = 2.386 ft

n
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B. Radiant Emittance From Lunar Surface to Space

The radiant emittance Qrs from the area of the lunar
surface affected by the LEM descent is expressed by the equation
Q _=o0¢ (1 ~-F )T4 (3)
rs m ss' m '’
where Th is the lunar surface temperature in °K, €n is the radiant
emittance of the lunar surface, Fes is a view factor that takes
into account that the surface "sees"™ part of the shield surround-
ing the LEM exhaust; the other terms are as defined for Eq. (1).

The term Fog is given by the following expression:

2
1 (d—Rs)(d+Rs) + (H+2.450)

]
il
N| o

ss ’ (4)

/larr)? + (42,450 21 1(a-R ) + (B+2.450)2)
where Rs is the radius of the heat shield in feet. Equation (4) is

valid for all times. For the computation we take R, = 6.750 feet and
0, 5, 10, 20, 50 and 100 feet for the values of 4.

C. Irradiance on the Surface by the Sun

If we take z as the zenith distance of the sun and assume
a smooth surface, the irradiance J on a given point on the lunar
surface is given by

J = JO cos z , (5)
where
4
J0 = oest R (6)




and

Ty = theoretical temperature of the subsolar point,

°K (assuming no heat conducted inward).
For the purpose of computation the following values are used:

e = 0.93

3
I

395°K.

Moreover, the radiant emittance W of the surface, which is assumed
smooth, obeys the Lambert Law and is given by

W = oemT . (7)

Calculation of post-descent heat flux produced some
problems during checkout. As initially specified, T went to 0
at LEM cutoff, but it was also required to retain the attenuation
of radiative cooling occurring because the LEM's heat shield cut
out part of the sky. These assumptions were finally found to account
for an elusive "bug”, whose effects were particularly striking at
ground zero. The first and most obvious impossibility was that, with
part of the sky "missing", calculations gave an equilibrium tempera-
ture after cooling that was much higher than the surface temperature
prior to the LEM descent. According to Eq. (3), the equilibrium sur-
face temperature would rise up to 150° or 200°K.

Clearly the analysis of heat exchange between LEM and sur-
face after descent was deficient. A proper analysis should more
carefully take into account the cooling of the nozzle, the heat ex-
changed with the heat shield (since the heat shield is radiating
and the LEM is still a heat source), and the solar flux (the point
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under consideration on the surface could be shaded by the LEM).
Unfortunately, schedules did not allow the time for the requisite

analysis.

In order to get reasonable results, i.e., correct
equilibrium temperatures, during the post descent phase, and due
to the exigencies of time and programming difficulties, the input
solar flux was attenuated by the same (1 - Fss) term as the radi-
ant emittance of the surface. The use of this term, although
dubious, may be justified, to some extent, by viewing it as an
"average" over shaded and unshaded points in the vicinity of the
point under consideration, and because it gives answers that are

more reasonable than without it.

The second problem was due to numerical artifacts caused
by the sudden "cooling" of the nozzle. In order to smooth them
out, an exponential decay of nozzle temperature T, after LEM cut-
off was added. Thus, measuring time, t, from LEM engine cutoff,
we have
e-.t/Tl

T =T
n no

r

where 1 is the time constant.

(8)




Iv. ASSUMED THERMAL PARAMETERS FOR THE LUNAR SURFACE

The thermal parameters required in our analysis are

thermal conductivity «, density p and specific heat c.

Table II gives these parameters for the assumed

materials of the different models.

TABLE 11

THERMAL. PARAMETERS

¥ ]

Density (o)'Specifié Heat (c) Thermal Conductivity (v)

Material ¢
g cm™3 J g_l"K'l i W cx‘n‘l°K‘l

Powder 1.1 0.502+47.4 x 10'4'1‘34.62 x 10784305 x 1074313
I

vesicular 0.9 0.502+7.4 x 10 47}1.50 x 1073+0.2 x 10777

Rock ’ ‘ i
1

f -4, -5
Rock 2.6 0.502+7.4 x 10~ %7i0.02+41.0 x 107°T
Rubble 1.9 0.50247.4 x 10-%1:2.0 x 10 3420 x 107°7
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V. LANDING SITE AND TIME

The LEM will land at a point +5° of a given latitude.
From the law of variation of lunar temperature and accuracy of
the assumptions it will suffice to assume that the LEM will land
on the equator. The exact longitude is not yet determined, but
the landing site is specified to be at a longitude of 45° with

respect to the terminator.
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VI. HEAT FLOW EQUATIONS

The heat flow equation in one dimension is simply a
statement of the law of conservation of energy, i.e., during a
time dt the net heat flux into a slice of material of thickness
dx must be manifest as a rise in temperature of the substance.
A typical approach is to write this condition, pass to the limit
as dx and dt approach 0, and obtain a partial differential equa-
tion such as

T |
- 9 3T
IX (K ax) + Q(x,t)

s

pc

where = density,
= specific heat,
= temperature,

= time,

X t B 0 ©
|

= depth beneath the lunar surface,
« = thermal conductivity,
Q(x,t) = flux density at depth, x, and time, t.

For numerical computations it is then necessary to undo the limit-
ing process and approximate the partial differential equation with
a difference equation. Usually this process tends to mask the
physical significance of the difference equation. 1In fact, it is
possible to write the conservation laws directly for the given
slices of material, and thus "lump" parameters. The resulting
equations turn out to be identical to those obtained by the dif-
ference equation technique, but they also retain physical signifi-
cance so that the physical interpretation of the numerical approxi-
mation is clear. See, for example, Volynskii and Bukhman (1) or
Saul'yev (2).

As a further advantage the significance and method of
treating discontinuities becomes clear. It is useful to consider
the electrical analogy of the heat flow equation given in Figure 1.
A slice of thickness Ax is represented by the R-C network where

(9)




I 1
U-| ——I> Uo —2> U|

MN——e
R I R
C
— 1 .

FIG. 1. Electrical Analogy for the heat flow

equation and for a thin homogeneous

~layer.
UI .._.I:...Uz U3 Urn-l Un+2
R, ]| RR, R, | R; R, | R,

FIG. 2. Electrical analogy for the heat flow
equation and for a series of thin

homogeneous layers.
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R = Ax/2« (10)
C = pcAx . (11)

In this analogy the potential Uy is proportional to the

temperature at the center of the slice, U, and U+1

tional to the temperatures at the ends of the slice. I1 is pro-

are propor-

portional to the flux into the slice, and I, is proportional to
flux out, so that I1 -1, is proportional to the rate of change >f
U,- For n slices, the analogy is given in Figure 2, where I, is
equivalent to the input flux at the surface. If we neglect feed-
back, the minimum time constant of the equivalent circuit is

given by

T = min {R.C.} , {12)
i=1,n 11

as is obvious from inspection of the circuit diagram. Also, it
can readily be seen that if the lower boundary constraint is
given by

AT _

5% = constant , (13)
the system is unstable. The constraining Un+2 = const, however,
yields a stable system.

Figure 2 yields a set of ordinary differential equations.
Inspection shows that these may be solved by any of a number of
techniques. The simplest and most convenient for the problem at
hand is Euler's method, or the method of forward differences, which
gives a stable system if the integration step size is taken shorter
than t. This yields a technique for automatic step-size control.



-13-

Since the lumped parameters analog system given in
Figure 2 yield the same equations as do second central differ-
ences, it is easy to see the assumptions implicit in the numerical
integration technique. The density, specific heat, and conduc-
tivity are assumed constant over one time step. The values are
calculated from the depth of the slice, and the temperature at
the center of the slice at the beginning of the time step. Fur-
thermore, the input flux is held constant over an integration
step.
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Vvii. THERMAL MODELS OF THE LUNAR SURFACE

The following model was used to determine the thermal

parameters of the lunar material as a function of temperature T:

14
c0 + clT R (14)

K = KO + KlT + K2T3 ’ (15)

where Cpr Cyr Y Kl' Kyr @s well as p were presumed to be piece-
wise constant functions of depth x. For the purposes of the program
and this report, we called the regions of constant c's and «'s
"layers”™, as opposed to the "slices" associated with the lumping
of parameters. 1In fact, the number of "slices" to be associated
with each "layer" is an input parameter for each layer. The set
of six numbers Cor Cpr Kgr Kyr Kpv and o is called a "model".
Provisions are made for storing up to 20 models in the program.
The exact set of parameters to use is then specified on input as
a function of the layer number. Provision is made for up to 20
layers, and up to 100 slices.
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VIII. INITIAL CONDITIONS

It seemed desirable that the program should be able to
allow the input thermal distribution to relax over a lunar day or
so, to reduce sensitivity to errors in the initial temperature
distribution. The first plan was simply to input a temperature
profile and allow it to relax over a time period specified in the
input data. During checkout, it became obvious that:

1. The transient response was substantially unaffected
by the variations in initial conditions, so long as
they were consistent with the thermal model of the
moon.

2. The "steady-state" thermal distribution varies rather
substantially with the model of lunar composition.

In order to provide a set of consistent initial conditions
for the LEM descent which represented the model under consideration,
and to avoid hand computations or reliance on external sources for
input, the following scheme was adopted.

For a homogeneous medium, with constant coefficients, the

thermal distribution at a particular point in time due to a sinu-
soidal input of angular frequency, w, can be written in the form

T(x) = e—Bx(A cos Bx + B sin B8x) + D , (16)

where A, B, and D are appropriate constants and

B = Y(pcw/x) (17)

is the reciprocal of the thermal wavelength.
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To create approximate initial conditions, we chose as
appropriate the time immediately before lunar sunrise. As input
parameters, the program accepts surface temperature, Tm, and the
temperature, Td’ at the maximum depth under consideration; x, o,

c, and « are then calculated on the assumption of a linear tempera-

ture distribution:

T(x) =T + ;g (Tq = T - (18)
From this, an approximate phase angle
X
P (x) =f Yocw/x dx (19)
0

is calculated. T(x) is then calculated from the formula

= o P(x)

T(x) {A cos P(%X) + B sin P(x)] + D , (20)

where A, B, D are chosen so that

T(0) =T , T(xg =T,

and the gradient at the surface, TA, is consistent with the net
flux at the surface. This yields a wave-type set of initial con-
ditions which is roughly consistent with the thermal parameters
of the model. This distribution is then relaxed over at least
one lunar day before it is used as a set of initial conditions
for the LEM descent. In this manner, the program automatically
generates a reasonable set of initial conditions, simplifying
program usage.

At this point a further problem crops up. Because of
the "high frequency" of the input during LEM descent, much

thinner slices are needed than during the lunation. Furthermore,

- 2B NS

y | 1'..'

a e e o I = W S e = o Iy e
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the depth of material which must be considered is substantially
less. In order to take account of this, a set of "thick" slices
is input for use during lunation and a "thin" set of slices is
used during and after the descent phase. Accordingly it is neces-
sary to interpolate the temperature profile obtained from the
lunation to the finer mesh required for the descent phase. BAs
became apparent during checkout of the program, this must be done
with some care to insure that no artificial transient behavior is

induced by interpolating across discontinuities.

At a boundary separating regions of high and of low con-
ductivity, simple linear interpolation will produce the same thermal
gradient on both sides of the boundary. Thus, on the side with low
conductivity the gradient will be steeper than justified by the flux
across the boundary. On the side with high conductivity, the gradi-
ent will not be steep enocugh. This, of course, initiates a wave
which will propagate in both directions from the discontinuity.

This behavior tends to confuse the results, but is easily avoided

by care in treatment of the discontinuity.
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IX. BOUNDARY CONDITIONS

Three types of boundary problems exist: at the surface,
at the interface between layers in the model, and at the lower
level of the region of interest. As has already been remarked,
the use of a constant temperature at the lower boundary is most
satisfactory from a technical point of view, and offers no pro-
gramming difficulty. At the boundaries between layers, the dis-
continuity in azT/ax2 offers no difficulty since the lumped
parameter method makes no assumptions of continuity. The 4dif-
ficulties in the use of the difference equation stem from the
limiting process used in defining aZT/axz; they are not inherent
in the physics of the situation. Since the lumped parameter ap-
proach avoids limits, it avoids the problem. Consequently, there
are no programming difficulties at these boundaries.

At the surface, the condition is substantially dif-
ferent. From Figure 2 it is apparent that the system of dif-
ferential equations does not determine the surface temperature
directly, but only the temperature at the midpoint of the topmost
slice. In the numerical integration method used, the input flux
is assumed constant over the integration step. How then should
the surface temperature be updated? The first approach is simply
to note that

and then update Uy in such a manner that it follows U, precisely.
During the course of checkout, a series of bad runs cast doubt on
the validity of this procedure. As it turned out, the basic
trouble was elsewhere, but in the interim this problem came under
scrutiny. Obviously, if Uy changes over an integration step, the
flux radiated by the surface and the convective flux from the LEM
also change, thus changing the net input flux. If the surface
temperature is simply updated as described above, the updated
gradient will not be compatible with the updated flux. 1In fact,
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the gradient will "lag" one integration step behind the flux.
Since it appeared that this situation might be causing some of
the observed instability, this procedure was abandoned in favor
of an iterative procedure to solve for an updated Yo which would
yield a compatible gradient and flux.

After the program was running, the iterative procedure
in turn came into question. Obviously with this technique, the
surface temperature responds instantaneously to any sharp change
in flux, such as, for example, LEM ignition, and LEM cutoff. This
response was felt to be physically unjustifiable, yet a study of
possible alternatives provided no easy solution. The problem lies
in both the physics and the mathematics of the situation. 1In the
first place, absorption and radiation do not take place precisely
at the surface: there is some penetration of the surface by in-
cident radiation and some radiation from beneath the surface. At
any depth, the partial derivative of absorbed energy with respect
to depth, for example, must be finite. This would be an acceptable
model to program, given the necessary data and time. On the other
hand, in order to adequately simulate the response of the system to
a high frequency input (the frequency response of the simulated
system is proportional to the square of the slice thickness), we
must choose slices thin enough so that the time constant of the
system is substantially shorter than the shortest period (highest
frequency) in the input signal. Given a step function input, we
face difficulties, since a step function has energy at every fre-
qguency. Thus it is basically impossible, without using very
sophisticated techniques, to simulate the correct response to a

step function. After these considerations it was decided to let
well enough alone.
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X. COMPUTER OUTPUT

We ran the computer program for the proposed eight models.
Data from the computer output are presented in Tables I1II, IV, V,
vi, Vvii, VIII, IX and X.

Figure 3 gives the homogeneous vesicular material tempera-
tures at different depths and as a function of time elapsed from the
beginning of the descent of the LEM.
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TABLE III

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS

MODEL 1. HOMOGENEOUS PARTICULATE MATERIAL

Dist.from pt.

of touchdown, Predescent
0 5 10 20 50 100 Temperatures
Depth (cm)
1640 811 600 476 383 363 361
(28) (22) (21) (13) (5) (5)
807 425 380 365 358 356%* 356
(46) (90) (90) (100) (110)
539 375 358 354 352 352%% 352
(170) (350) {350) (350) (400)
383 342* 338* 337* 337* 336** 336
(1800)
313% 311** 311** 311** 311** 311** 310
262%%* 262%%* 262%* 262%* 262%* 262%* 261

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec
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TABLE IV

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS
MODEL 2. HOMOGENEOUS VESICULAR MATERIAL

Dist.from pt.

of touchdown, Predescent
a, (ft) 0 5 10 20 50 100 Temperatures
Depth (cm)
0 1490 573 441 383 356 353%% 352
(28) (26) (22) (15) (8) (8)
0.2 718 446 394 367 353 352%%* 351
(34) (30) (27) (23) (20) (18)
0.5 527 394 369 357 351*%* 351** 350
(60) (60) (50) (44) (44)
1.0 437 369 357 351 348%** 348*%* 348
(160) (150) (130) (130) {(130)
2.0 386 353 347 345 344*%* 344%* 344
(550) (500) (450) (450)
5.0 346%* 334%* 332** 332%%* 332%%* 332%% 331
Notes:

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperatures at 2000 sec or at maximum
temperature
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TABLE V

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS
MODEL 3. HOMOGENEOUS SOLID MATERIAL

Dist.from pt.

of touchdown, Predescent
da, (ft) 0 5 10 20 50 100 Temperature
Depth {cm)
0 705 365 334 321 3]15%%* 315*%* 315
(28) (26) (22) (15) (8) (7)
0.4 405 334 323 317 314** 314*%* 314
(36) (32) (27) {23) (21) (19)
1.0 354 322 317 314 313** 314** 313
(70) (60) (60) (48) (48)
2.0 332 316 313 312%*=* 312%** 312%* 311
(180) (160) (170)
6.0 311 306** 306%* 306*%* 306*%* 306*%* 305
(1100) (800)
10.0 302%* 300** 300** 300%%* 300%** 300** 299
(1800) ’
Notes:

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec or at maximum
temperature
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TABLE VI

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS

MODEL 4. PARTICULATE SURFACE LAYER WITH SUBSTRATE OF VESICULAR MATERIAL

{Particulate Layer 0.1 cm thick)

Dist.from pt.

Predescent
of touchdown, 5 10 20 50 100  Temperatures
d, (ft)

Depth (cm)
0 1640 775 600 472 377 357 355
(28) (28) (21) (13) (5) (3)
0.1 607 348 323 316 312%>* 312%* 311
(38) (60) (70) (70) (80)
0.2 433 320 312 310 309*%* 309** 308
(60) (120) (120) (130)
0.5 381 316 310 308** 308%* 308*® 307
(110) (180) (180) (200)
1.0 348 311 30 7%+ 306** 306** 306** 306
(250) {300) (300)
6.0 295%* 291** 29 1*% 291 ** 290 ** 290%** 290
Notes:

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec or at maximum

temperature
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TABLE VII

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS
MODEL 5. PARTICULATE SURFACE LAYER WITH SUBSTRATE OF SOLID MATERIAL

(Particulate Layer 0.1 cm thick)

Dist.from pt.

of touchdown, Predescent
d, (ft) 0 5 10 20 50 100 Temperature
Depth (cm)
0 1639 773 597 468 370 350%* 349
(28) (28) (21) (13) (5)
0.1 531 294 269 262 259* 259* 257
(38) (60) (70) (80)
0.3 275 253 251%* 251%*%* 251%* 251*%* 250
(60) (130) (150) (170)
0.5 270 252 251*%* 251** 251*%* 251*%* 250
(80) (150) (160) (180)
1.1 263 251%** 250%* 250%* 250%%* 250 * * 250
(130) (200) (250)
2.1 257 250** 250** 250%* 250 %* 250*%* 250
(300) (350) (450)
Notes:

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec or at maximum
temperature
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TABLE VIII

MAXTMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS
MODEL 6. VESICULAR MATERIAL SURFACE LAYER WITH SUBSTRATE OF SOLID MATERIAL

(Vesicular Layer 1.25 cm thick)

Dist.from pt.

Predesc2nt
of touchdown, 5 10 20 50 100 Temperatures
a, (ft)

Depth (cm)
0 1435 549 414 354 326 323*%* 322
(28) (26) (22) (15) (7) (7
0.1 874 465 384 343 323 321%** 321
(32) (27) (25) (20) (13) (13)
0.5 500 361 335 322 315%%* 315** 314
(60) (60) (50) (45) (45)
1.25 333 310 306 304%%* 304** 304*%* 303
(170) (150) (150) (150)
4.0 308 300** 300*%* 299 ** 299** 299%*%* 299
{(700) (550) (800)
8.0 297 294*% 294 ** 294%* 294** 294%* 293
(1700) (1300)
Notes:

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec or at maximum
temperature
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TABLE IX

MAXIMUM TEMPERATURES (°K) AT SURFACE AND SUBSURFACE LOCATIONS
MODEL 7. PARTICULATE SURFACE LAYER WITH SUBSTRATE OF RUBBLE

(Particulate Layer 0.1 cm thick)

Dist.from pt.

of touchdown, Predescent
d, (ft) 0 5 10 20 50 100 Temperatures
Depth (cm)
0 1640 809 599 471 375 354** 353
(28) (25) (21) (13) (5) (3)
0.1 578 330 306 299 296** 296 %% 295
(38) (60) (70) {70) (100)
0.2 367 298 293 292*%* 291** 291*%* 291
(60) (130) (130) (150)
0.5 331 295 291%** 290** 290** 290** 290
(140) (200) (200) (250)
1.0 310 291 289*% 289 %% 289** 289 ** 288
(350) (400) (450)
6.0 274%* 273%% 273%%* 273*%% 273%* 273%% 273
Notes:

At depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
maximum temperature occurs

*Temperature rising at end of calculations (2000 sec)

**Temperature within one degree of predescent temperature at 2000 sec or at maximum
temperature
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TABLE X

AT SURFACE AND SUBSURFACE LOCATIONS

MODEL 8.

HOMOGENEOUS RUBBLE

Dist.from pt.

of touchdown, Predescent
g, (£2) 0 5 10 20 50 100 Temperatures
Dep*h (cm)
] 1370 506 407 367 349 347** 346
(28} (26) (22) (14) (7) (6)
9.2 556 397 368 354 346 345%* 345
(38) (32) (27) (25) (21) (20)
3.5 438 366 353 347 344** 344%* 344
(90) (80) {70) (70) (60)
1.0 388 352 345 343 341** 341*%* 341
(250) (250) {200) (250}
2.0 358 340 338 337* 336%% 336** 336
{900) (750) (850)
5.0 326%* 322* 321 %+ 321** 321%** 321%* 320
YNctes:

2t depths greater than those indicated, the temperature approaches 230°K

Values in parentheses are times (in seconds after initiation of descent) at which
raxinmum temperature occurs

*Temperature rising at end of calculations (2000 sec)

* +
[

4
-
o

iem

rperature within one degree of predescent temperature at 2000 sec or at maximum
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APPENDIX A

DISCUSSION OF THE COMPUTER PROGRAM

In the Infrared Group a program has been written* to solve
the heat-conduction equation in the lunar surface. At the beginning
of the project we planned to modify the existing program but this

plan was abandoned. For the following reasons a new program was

written: a) the existing program did not have models of conductivity

and specific heat sufficiently general, b) the integration step size
control seemed inadequate, ¢) the existing program carried out sev-
eral complex computations which were not germane to the problem at
hand, d) the existing program failed to decouple the lunar thermal
model from the heat equation. Thus each thermal model would have to
be substituted analytically into the heat equation to make a heat
equation for each model. This risky programming procedure requires
multiple transcriptions of the basic equations, multiplies the
chances of error, increases "debugging” time, and decreases confi-
dence that all bugs have been found.

Since the FORTRAN listings provide a detailed and abso-
Jutely unambiguous description of the program, we shall confine the
English language discussion to a sketch of the general flow of the
program.

The logical structure of the program approximates, so far
as is possible, the structure of the problem. The program itself
decomposes into several subroutines, each charged with a specific
task. Each subroutine represents, in a sense, an abstraction of a
particular part of the problem. Subroutine HFSTP, for example,
which actually does the integration, simply solves the analog sys-~
tem of Figure 2. Subroutine EVMODL evaluates the coefficients of

*A Computer Program to Solve the Heat-Conduction Equation in the
Lunar Surface for Temperature-Dependent Thermal Properties, by
Jeffrey L. Linsky, Scientific Report No. 7, NASA Grant NsG 64-60.
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the system, paying no attention to their possible uses. Subroutines
BMDLEM and SFMODL calculate incident flux on the surface due to the
LEM and the Sun respectively, again with no regard to the use of
these calculations. Subroutine HETFLO controls the progress of the
numerical integration, basically in a manner which depends neither
on the particular choice of integration techniques nor on the par-
ticular configuration of the system. Subroutine SAMPLE samples the
results and prints out selected results without concerning itsel*®

with the manner in which those results are generated.

This program uses several features peculiar to FORTRAN 1V,
Version 13. These include labeled COMMON, NAMELIST, and multiple
subroutine entries. Labeled COMMON provides a simple method of
making data available to a subroutine in the case where it func-
tions as parametric data rather than as input or output. NAMELIST
provides the capability for free-form parameter input. Multiple
subroutine entries provide a means for initializing subroutines and
for simplifying data logistics. These features of the FORTRAN IV

language are discussed in reference (3).
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APPENDIX B

SAMPLE DECK MAKE UP

$JOB card. "$JOB" in columns 1-4, account number and name
starting in column 16.

SEXECUTE IBJOB card. "SEXECUTE" beginning in column 1,
"IBJOB" beginning in column 16.

$IBJOB card. "$IBJOB" in column 1, "FIOCS" in column 16.

Program decks, in any order. These must include MAIN, OMODLD,
MISCD, SBTND, NTRPLT, EVMDLD, SAMPLD, SFMDLD, HETFLD, CREDEP,
and HFSTPD.

End-file card. 7-8 punch in column 1.

Data for NAMELIST DATA. "$DATA", followed by at least one
blank, beginning in colum 2.
The variables which must be entered are:

XI, ETA: 1lunar coordinates of the point to be studied.
SLONG: initial longitude of the sub-solar point.
ESST: theoretical subsolar point temperature.
EB: radiant emissivity. \
SB: Stefan-Boltzmann constant.
EMOON: emissivity of the moon.
TNOZ: temperature of LEM nozzle (in degrees Kelvin).
TGAS: temperature of LEM exhaust (in degrees Kelvin).
DIST: table of distances from ground zero for which
LEM data is to be input.
NDIST: number of distances for which descent is to be
studied (<6).
NLMDP: number of data points in LEM descent profile.
MODELS: number of models of lunar material to be input.
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Table of times in LEM descent. Exactly NLMDP points must
be entered in a 6E12.8 format.

Table of LEM altitudes. Exactly NLMDP points must be entered
in a 6E12.,8 format.

Table of gas coefficients. Exactly one card for each of NLMDP
points in the trajectory. Each card must contain at least
NDIST coefficients in 6E12.8 format.

Table of lunar models. Exactly MODELS cards must be present.
Each card contains six numbers in 6E12.8 format:

The first card represents MODEL(l), the second MODEL(2), etc.

Data for NAMELIST LUNCON. Lunation control parameters. Tha

variables which must be entered are:

LAYERS: the number of layers to be used in the lunar
model.

MODEL: a list of model numbers, one per layer.
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APPENDIX C
PROGRAM LISTING

C MATN LISTeSNN

INTFGER SLICFSsDSLICE

LOGICAL FIRST#MORE 4MOREL

EXTERNAL GMDLEMSFMODL

DIMFNSTION TSAMPL{50) 9DSAMPLISO )

COMMON /TLEM/TLEM(A0) /HEIGHT/HEIGHT(50) /GCOLF/GCOEF(50+6)
C /ARRM1/ LSLICE(20) 4DEPTH({15D) oTEMP(152)sDFPTHL(102)
CoTEMPL {102 4DEPTHD(102)s TEMPZ(102)sTEMPD(102)sSLICES{20)
CoeDSLICF(2C)

C /DCLV1/MODELSaNDISToFIRSTIMORE yMOREL sNS9TSeDSesLAYERSHNSLICL s, 1
CoeETASSLONGsSLONGD g ANG s TIMLUNGALPHAGNSLICD 1

/TSSF /FSST /ER/EB /THICK/THICK(20) /TMODL/TMOD(6420)

/JSRATF/SRATF

/LEMGFO/RADNyRADSyqNS /DIST/DIST(6) /STEBO/SB /EMN/ENOZ

JEMMN /EMOON /NLEM/NLMDP /TGAS/TGAS /TNOZ/TNOZ /DTR/DTR

/MODEL /MODEL(20) /SAMPAR/TSAMPL o DSAMPL ¢ NSAMPL

/TAUN/TAUN
FQUIVALENCE (EMMN,FMOON)

NAMELIST /DATA/NLMDP gNTDP 4NDISTsSLONGsTGASSTNOZ 4DISTHMODELSsXI
N oETAsFSST+FERSBIEMOONSENOZ

NoeRANDNGRADS §SNS

NeTAatIM

N/ZLUNCON/LAYERS gMODFL ¢ SLICESyTHICK s TSAMPL ¢ DSAMPL o NSAMPL o SLONGD
My ALDPHA

NeMORE

NeLSLICF

No TAUIL g LMAX

M,QT:MP’DTCMP

N /DESCON/SLICES e TSAMPL +DSAMPL s NSAMPL o TIME ¢ NPTMX

NeDSLICF

NoMORE

Ne TAND

SRATE=3604/e2551443E07

NDTR=3,1415G627/180,

MNPELSE3

ND1ST=6

CONTINUE

RFEAND (8 4DATA)

WRITE (6+DATA)

RTAN (54100) (TLFM(1)4s1=14NLMDP)

WRITE (6+200)

FCRYAT (1IHOINX4HTLEM)

WRITE (6+800) (TLEM{1)s1=1sNLMDP)

READ (54100) (HEIGHT(I)sI=14NLMDP)

WRITE (5+300)

FORMAT (1HO1INXAHHEIGHT)

WRITE (6480Nn) (HEIGHT(1)sI=14NLMDP)

READ (54100) ((GIOFF(14J)ed=196)s1=1,4NLMDP)

WRITE (/40N

FORMAT (THD1INXSHGCOFF)

WRITF (%3300 ) {({GrOFF({1sJ)sJ=145)s1=14NLMDP)

READ (54100) ((TMON(T9J)s1=146)sJ=14MODELS)

WRITE (6+500)

FORMAT (1HO10X4HTMOD)

WRITE (6+480N) ((TMOD{I19J)sl=146)9sJ=14MODELS)

FORMAT (X91P6F2048)

FORMAT (6F12,48)

STFMP=G0,

YYD DYDY DY
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127
137

147

1776

1789
167

20

167

1848

-34-

DTEMP=230,

FIRST=,TRUF,

MORF=¢FALSF,

RFAD (SsLUNCON)

WRITE (6+LUNCONI

MOARFEL =MORF

CONTINUF

CALL CREDEP(LAYERS)LSLICE»THICKsDEPTHLWNSLICL)
CONTINUE

DEPTH(1)=0,
DEPTH(2)=NEPTHL (NSLICL)
NTDP=2

TEMP (1)=STEMP

TFMP (2)=DTFMP

CALL NTRPLT(DEPTH,TEMP 4NTDPsDEPTHL s TEMPL 4oNSLICL)?
CONT INIF

CALL SFMDLI(XIsETA$SLONG)

CONTINUE

CALL EVMDLI(LAYERSsLSLICE)}

CONT INUE

ANG=SLONGD-SLONG

IF(ANG4LT+0e) ANG=ANG+360,

TIMLUN=ANG/SRATE

DIMFNSION R(100)+C(100)

NS2=NSLICL-2

NS1=NSLICL-1

CALL FVYMONL(RsCyTFMPL)

CUR=SFMODL (N sy TEMPL ¢y FMS ) —SB¥EMMNXTEMPL (1) *%*4
OMEGA=DTR*#SRATE

DO 1776 I=1sNS2

ClI)=¢5%SQRT(R(T)*C(1)*OMEGA)

TMP=TEMPL (NSLICL)

DU=TEMPL(1)-TMP

RI=R(1)%CUR

RI=-RI1

P=C(1)

DO 1789 I1=24NS1
TEMPL(1)=TMP+EXP (~F)* (DU*(SIN(P)+COS(P))+RI*¥SIN(P)/C(I=-1))
P=P+C(1-2)+C{I-1)

CALL HFTFLO(NSLICLsTEMPL yALPHAS TIMLUNISFMODL 4L MAXsDEPTHL)
COMT ITNUF

FIRST=oFALSE

MORE=4FALSE,

READ (5+DFESCON)

WRITE (6+DESCON)

CONTINUE

CALL CREDEP(LAYERSsDSLICE»THICKsDEPTHDINSLICD)
DIMENSION TMPL(102)4,DPT(102)

CALL EVMODL (ReCs TFMPL)

TMPL(1)y=TEMPL (1)

DO 1848 1=2,4NS1

TMPL IV =(R{II*TEMPL(I)+R(I=-1)*TEMPL(I+1)) Z(R(I=-1)+R(1))
NPT(1)=0.

K=2

DO 1917 I=1sLAYERS

LS=LSLICE(I)

DX=THICK(1)/FLOAT(LS)

NO 1917 J=1sLS
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DPT(K)=DPT(K=-1)+Dx

K=v 41

CALL NTRPLTU(DPT g THPLyNSIyDEPTHDSTEMP7 4NSLIMD)
CALL FVYMDLI(LAYFRS4DSLICE)

CONT INIIF

DO 10 1=14NDIST

WRITF (6+201) DIST(I)

FORMAT (28H DISTANCF FROM GROUND ZERC = F6,0)
CALL MOVE(TEMPZ 4 TEMDD 4ZNSLICD)

CONTINUE

CALL SFMDLI(XISETASSLONGD)

CALL OMODLI(T)

CONTINUE

CALL HETFLO(NSLICDSsTEMPD ALPHA 3 TIME yOMDLEM ¢NPTMX4DEPTHD)
IF(mNREYy A2 T2 20

IF(MNRFLY GN TO 3n

fNTN 40

FANR

-
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$I1BFTC QMODLD LIST»SDD

50

30

10

20

40

[aNakalaEaNal

FUNCTION QMDLEM(TIMEsUsFMS)
DIMENSION U102}

COMMON /TLEM/TLEM(50) /STEBO/SB/EMN/EMN/EMMN/EMMN /NLEM/NLEM

/VLINK/T s ALPHALRFTA
/TGAS/TGAS /TNOZ/TNOZ /GCOFF/GCOEF(50,46)
/DIST/DIST(6)
/I _FMGFC/ RANDN,RADS s SNS
/QVAR1/HV s FNSoFMSsDST» TNOZ4
/TAUN/TAUN
GO TO 50
ENTRY OMODLI(KDIST)
TNQOZ4=TNOZ **4
STNOZ4=SB*EMN*TNOZ 4
AP=44/TAUN
DST=DIST(KDIST)
I=2
RE TURN
CONTINUE
QMNDLEM=SFMONL (TIMF 4DUMsDUM)
IF(TIMESLESTLEM(I)) GO TO 10
IF(14GF NLEMY GO TO 20
I=1+1
GO T0 130
CONTINUE
BETA=(TIME=-TLEM(I=1))/(TLEM(I)=-TLEM(I-1))
ALPHA=1.-BETA
HV=V(HFIGHT)
FNS=S8TND(DST sRADNyHV)
FMS=SBTND(DSTsRADSsHV+SNS)
QMOLEM=QMDLFM* (] 4 -FMS)

/HEIGHT /HEIGHT (50)

QMDLEM=QMDLFM+ (TGAS=-U(1) ) *V(GCOEF (1 4KDIST ) )+FNS*STNOZ 4

6N TO 40
FMS=SBTND (DSTsRADSsSNS)
QMDLEM=QMDLEM%® (] ¢ -FMS)

QMDLEM=QMDLEM+FNS*STNOZ4*EXP (AP*(TLEM(I)-TIME))

CONTINUE
RETURN
END

|




~37-

RIRFTC MTIRCD

bt

&)

FUNCTION V{TABLE)

COMMON /VLINK /I 4 ALPHA4BETA
NIMENSTON TARLF(1)
V=ALPHAXTABLF(I-11+RETA*TABLE (1)
RETURN

ENTRY MOVE(AsBsN)

DIMENSTON A{N)sB(N)

DO 10 T=1,N

LI Ty=A?T
(S

F N s
RE THRN
END
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SIRFTC SRTAND
FUNCTION SBTNDI(DsRsH)
DM=h=R
DP=n+R
HS=H*H
SBTND=,5%(1e=(DM*¥DP+HS)/SQRT ( (DP*DP+HS) * (DM*¥DM+HS) ))
RETURN
END
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NTDDY T

CURROUITIMNE NTRPLT (XA 4 YASNAZXR,YRH4NE)
DIMENCTION XA4(1)sYA(1) s XB1)yYEBI1)
J=2
DIONER RO N
IFI(XB({1
IF(xB(1
J=141
IF(JelLFeMAY GO TO 40

YR{T)=YA(NA)

G TR 10

YB(IV)=YA(J=-1)

GN TH 10
BETA=(XR{T)=XA(J=1))/(XA(J)-XA(J-1))
ALPHA=T4-RFTA
YR{T)I=ALPHA*YA [ U-11+BETA*YA(J)
COAMTIANE

RETURMN

END

=1.NR7
JeLTeXA({J-1)) GO TO 27
JeLEeXA(J)Yy &GO TO 230
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FyMDLD  LISTHSND
SURROUTINF FYMODL (RsCAsU)
COMMON /THICK/DELTA(20) /TMODL/C(6427) /MODEL /MODEL(20)
GO T2 20
ENTRY FVMDLI(NLAYFR,ISLICE!
DIMENSION ISLICE(20)

sRI100)+CAL100),U(1202)
RETURN
CONTINUE
J=1
DO 20 LAYER=1sNLAYER
K=1SLICE(LAYER)
DX=NDELTA(LAYFR)/FLOAT(K)
M=MODEL(LAYFR)
RHO=C(1sM)

NO 20 1=14K

SH=C (2 M) +U{J+1)%C(34M)
CAPPA=C(4oM)+U(J+1I¥(CISaMIFCLEMIFU(J+]1) %22
R{J)=e5%DX/CAPPA

CA({J)=DX*¥RHO*SH

J=J+1

RETURN

END
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SAMPLN  LIST,SNN
SURROE'TINF SAMDY [ {DFPTHs 'y NPTC s TIME 4 TIMNXT)
COMUON /SAMDAR/CTINME,SPDEPTHND
DIMENSION CNFDPTH{5N)4STIME(5N)
DIMENTINN DRSNS TP (50)
DB )r=N,
D=1
Y:-‘!
I=1+2
IF(TeGTe5N aNRe SNFPTH{I)eLTeNe) GO TO 10
ND=rMD4
DP(MD)=DP (NND=-1)4+SDFDTH(])
IF(MN,ENGSD) N TH 1N
TFINP(MND)LTSDEPTH(TI+11-e01*SDEPTH(TI))Y GO TO 20
57N TH 30
CANTINYE
WRITE (64103N) (DP(T1)14I=14ND)
TIMNXT=TIME
I=1
ENTRY CQAMPLF
IF(TIMEFSLT«TIMNXT) RETURN
TIMNXT=TIMF+STIMF (1)
IF(STIVE{I+1)1elLTeNe «ORe 1eER449) GO TO 4C
IC(TIMAXT (AT STIME(T+1)-eNOYI*STIME(TY) I=1+2
TONTIMUF
ENTRY CAMPYL
CALL MNTRPLTINFPTH, 14NPTSsDP TP eND)
WRITE (64200) TIVF L (TP (J)eJ=14ND)
FORMAT {1HD $20X ¢ 30HSAMPLE DEPTHS (IN CENTIMETERS)/(Xe3F15e4))
FORMAT (1IHD s LOX e 6HTIME = E2U0489Xs7HSECONDS/ (X98F1562))
?:THD\I\I
END
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SIBFTC SFMDLD LISTH»SND

FUNCTION SFMODL(TIMFsTEMP,,FMS)
COMMON /DTR/DTR /STEBO/SB /TSSF/TSSF /EB/EB /SRATE/SRATE
GO TO 107
ENTRY SFMDLI(XIZETA,SLID
ZETA=SQRT{14~XI#%2-FTA*%2)
SFLUX=SB*ER*ZETA*TSSF*¥4
RETURN

107 CONTINUE
FMS=0,
IF(TIMFeLToeNe) RETURN
SLONG=SLI+SRATE*TIMF
SLONG=AMOD (SLONG+18043604)~1804
SFMODL=0e
IF{SLONGeLEe~90ee0ReSLONG.GE490e} RETURN
SFMODL =SFLUX*COS(DTR*SLONG)
RETURN
END




»
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CIRFTC HETFLD  LISTeSDD

i Y
i

SURRCUTINE HETFLOINPTSsU s ALPHA S TIMIN gGMDLEM NG TEFMX ¢ DEP THeKLIST)

COMMON 7EMMN/EMAN /STEBN/SB
DIVENSTON R(100N1 7 (100)

11T AN
® L L

107 FANTIMIE

50

10

it
X

40
l1on
&0

[-°TFP=n

NSLICE=NPTS =2

TIMF=0,

CALL SAMPLI(NDEPTHoUsNPTSsTIMES TIMNXT)
CALL HFSTPI(UsRICHNSLICESQINGH)

CALL FYMODL(ReCyliy

TAU=RI1Y¥C (1)

DO 10 [=2«¢NSLICF
TAU=AMINI(R{TII*C (1), TAL
FIN=CMDLEM(TIME yUFVS)

’:C:Q:-}EMMN*H(I Y¥ ¥
SIN=QIN-CCH*1J{1 )% (1 4—-FM3)

H=AL PHA*TAY

IF(TIMFGLTTIMIN) H=AMINI(He TIMIN-TIME)
H=AMINYI (Hea TIMNXT-TIME)

DEU2)

DD=11{ 1)

CALL HFSTP

X=ND+1,

DEL=1.

AIN=DIN=(DD=11{21 Y /R (1)
N=NMDLFM{TIVME X gFM QY

D=0 ~CSREEMN* (1 4=FMQ) ¥X#X4—(X-11{2)})/R( D)
DEL==-N*¥DFL /(=21 N)

N=¥X4+NFE)

IF(ARS(TFEL)ebLTeel) GO TO 57

NIM=N

GN TN B8Ry

H1y=X

TIVYE=T IME+H

CALL SAMPLE

ISTFP=1STEP+]

IF(TIVME,GELTIMINY GO TC 60
IF(ICTEPSGF JNSTOMXY GO TO 40

nNoTN EQD

WRITF (6451010) ISTFP

FORMAT (1HO s 1NX 4 43HHF TFLO TFRMINATEND NN ISTF®2 CONTROL,
CALL SAMPIC

RETHDON

END

!CTtﬁ:

1=y




~44~

$IBFTC CRFDEP

SUBROUTINE CREDFP(NLAYERSISLICEZyTHICK yDEPTH4NSLICE)
DIMFNSTON ISLICF(1)3THICK(1)4DEPTH(])
J=2
DERTH(1)=0,
NFPTH(2)=0,
NN 20 1=]1 4NLAYFR
K=TSLICF(T)
DX=THICK(T)/FLOAT (K)
DEPTH(JUI=DEPTH(J}Y+DX /2
J=J+1
IF(,FNel) GO TO 20
DO 10 L=24K
DEPTH(JY=NEPTH(J=-1)+DX

10 J=J+1

20 DEPTH(J)I=DEPTH(J-1)+DX /2
NSLICE=J
RETURN
FNNP
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$IRFTC HFGTPY L TISTLSDD

1n7

10

17

SURRNUTINT HFESTPTI(11,R ¢CeNsTINgH)

DIMENSTION LH{T102),R(100),C(172™M)

NMY=N=1

COANT INLF

QprDM

FNTDRY HESTD
NP=((U{2)=11{2) ) /(R (1Y+R(2))+DIN)/C( 1)

PO 1N T=2 4N

CA=T1./(R{ITI-1Y4R (1)

FR=Y,/7IR{TYI4R{T41 )

D= { UCII*CA + UlI+2)1%#CB = YT+ *¥(CL+C2Y) ) /0L D)
H{Ty=U(T11+H¥NP

nP=n

D (UINI=U{H+1) ) Z(RIN=T1I+R (N} = (UIM+1 )= (N+2)1) /(N /TN
UINY=U (NI +H%ENP

HINF1)Y=UIN+Y Y +H*D

H{TY=H2Y4R (1) ¥ 1N

CONT INNF

RTTHIDN

CAI™
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